Abstract: Over the last two decades, low-trophic-level fisheries have rapidly expanded in Atlantic Canada, largely compensating for collapsed groundfisheries; however, concerns have been raised regarding the limited background knowledge for many newly targeted species and their overexploitation in other regions. Using government stock assessments, we evaluated the amount of information available to assess population, fisheries, and ecosystem status in emerging (new since 1988), developing (expanding since 1988), and established fisheries on the Scotian Shelf. Emerging fisheries had significantly lower levels of population knowledge than developing and established fisheries. Importantly, knowledge was often lacking in basic population parameters such as growth rates, current biomass, and geographic range. In contrast, ecosystem knowledge, such as habitat disruption and recovery, was higher in emerging than established fisheries. Overall, quantitative knowledge was positively related to fishery value and greatest for 30-to 100-year-old fisheries. Although the number of government and general scientific publications greatly increased since 1990 for developing and established fisheries, publications for emerging fisheries remained at low levels. Emerging fisheries represent important socio-economic value in Atlantic Canada but may be progressing too rapidly for adequate knowledge to be gained, presenting a risk for their sustainable development.
Introduction
The collapse of the groundfishery on the Canadian Scotian Shelf resulted in major ecosystem changes and economic challenges (Roy 1996; Worm and Myers 2003; Frank et al. 2005 ). This collapse was compensated for by the expansion of fisheries to lower trophic-level marine invertebrate and plant species (Lotze and Milewski 2004; Frank et al. 2005) , thereby following a global trend of declining average trophic level of fisheries (Pauly et al. 1998 (Pauly et al. , 2001 ). In Atlantic Canada, the monetary value of shrimp and crab landings alone now exceeds that of the former groundfishery (Frank et al. 2005) ; however, lessons from other parts of the world indicate that the rapid expansion and profit from lowtrophic-level fisheries can be short term. For example, sea urchin and sea cucumber fisheries around the globe show rapid boom-and-bust patterns (Conand 2004; Berkes et al. 2006) . This is not an entirely new phenomenon as can be seen in historical oyster fisheries (Kirby 2004) . Recently, the sea cucumber fishery on the Canadian west coast was on track to follow a similar pattern until stricter catch and license limitations and area closures were implemented (DFO 2002) . It may be particularly important to ensure the long-term sustainable development of low-trophic-level fisheries in Atlantic Canada, since traditional groundfisheries are at low levels and so far not recovering (Frank et al. 2005) .
In addition to their socio-economic importance, lowtrophic-level species play important ecological roles in the marine ecosystem. Most low-trophic-level invertebrate and plant species act as prey to higher trophic levels, some provide vital three-dimensional habitat, and others provide filtering function and nutrient storage, regulating water quality on which other species depend (Rangeley 1994; DFO 1999; Dayton et al. 2002) . Sea urchins in particular are known to be key engineers of the coastal algal community (Lawrence 1975) . From an ecosystem perspective, a change in trophic balance or a change in the strength of species interactions increases the potential for instability (Frank et al. 2006 (Frank et al. , 2007 . Soulé et al. (2005) have provided clear examples of altered ecosystems as a result of altering species interactions and argue that maintaining a trophic balance between strongly interacting species is necessary to ensure stability.
Despite their ecological and increasing economic importance, most efforts at collecting baseline fisheries data in Canada have been directed at higher trophic-level species (Rice and Rivard 2002) . Concern has been raised about rapidly and simultaneously expanding low-trophic-level harvests while lacking sufficient baseline information to ensure sustainable fisheries development and marine ecosystem conservation (e.g., Rice and Rivard 2002; Lotze and Milewski 2004; Smith and Sainte-Marie 2004) . developed a framework for acquiring the necessary information to successfully manage a developing invertebrate fishery. Since these fisheries frequently occur for species with minimal existing knowledge, they propose three phases to acquiring population, fishery, and ecosystem knowledge: (Phase 0) existing information is compiled; (Phase 1) new information is obtained; and (Phase 2) management decisions are implemented, a commercial fishery begins, and monitoring to supplement knowledge continues. Further, the authors summarized a set of knowledge factors required to develop precautionary management strategies for emerging low-trophic-level fisheries .
In the present study, we used a modified version of the list provided by to evaluate the knowledge base for a set of emerging low-trophic-level fisheries on the Scotian Shelf. We tested whether the level of knowledge reported on population, fishery, and ecosystem parameters in government stock assessments and research documents varied between emerging and more established fisheries. We also analyzed factors that may explain differences in knowledge level and how knowledge changed over time. Based on our results, we discuss whether the fishing of emerging species is expanding more rapidly than knowledge can be gained and whether the available knowledge base is sufficient to enable sustainable management.
Methods

Selection of fisheries
We chose to investigate the knowledge base of established, developing, and emerging fisheries on the east coast of Canada (Fig. 1 ) because of the apparent shift from the historic predominance of groundfishing to rapidly expanding low-trophic-level harvesting after the groundfishery collapse. Our study focused on the Northwest Atlantic Fisheries Organization (NAFO) Divisions 4VWX on the Scotian Shelf and in the Bay of Fundy (Fig. 1) .
To evaluate when a transition from groundfishing to lower trophic-level harvesting had occurred and to provide a cutoff for categorizing established, developing, and emerg- ing fisheries, we calculated the mean fished trophic level TL over each year k across all marine catch fisheries in NAFO Divisions 4VWX according to Pauly et al. (2001) as
where Y i is the landings of species group i, TL i is the trophic level of that species group, and m is the total number of species groups. We extracted catch statistics for all fisheries from 1960 to 2004 from the NAFO database (NAFO, Dartmouth, Nova Scotia, Canada). Data on trophic levels were obtained from the Sea Around Us Project (seaaroundus.org) and FishBase (fishbase.org). Based on the initiation of a relatively linear decline after at least 27 years of a steady mean fished trophic level, we chose 1988 as our cutoff.
To select a set of robust fisheries for our analysis, we first removed all small-scale sporadic fisheries with less than five consecutive data points. Second, we removed those fisheries that had not been substantially fished since the groundfishery collapse, which were all fisheries in which the 3-year running mean of catch did not exceed 100 tÁyear -1 after 1988. Third, we refined the scope of our study to those finfish fisheries that were similar to lower trophic-level fisheries in terms of habitat and fishing practices by removing all highly migratory, large pelagic, and diadromous fish species.
We crosschecked our list of NAFO fisheries against DFO (Fisheries and Oceans Canada) Annual Fisheries Statistics (L. Sonsini, Statistical Services, Fisheries and Oceans, 200 Kent St., Ottawa, Ontario, Canada, personal communication, 2005) , which includes all economically valuable fisheries. We added any fisheries with catch of over 500 tÁyear -1 in 2004 (sea cucumber and rockweed), the most recent year for which we had fishery value statistics for all species. Rockweed landings data from 1962 to 1985 were obtained from Canadian Atlantic Fisheries Scientific Advisory Committee (1991) . Rockweed and sea cucumber landings from 1986 to 2004 were obtained from DFO Annual Fisheries Statistics (L. Sonsini, personal communication, 2005) .
We aimed to divide the fisheries into those that were established prior to the groundfishery collapse (established), those that existed before but were expanded with the collapse (developing), and those that started as new fisheries after the collapse (emerging). We therefore used the following rules to select the three fisheries groups: (i) A fishery was considered emerging if the catch did not pass 500 tÁyear -1 or 10% of the long-term ) maximum for more than 2 consecutive years prior to 1988, and the fishery had been fished for at least 5 consecutive years after 1988. If a fishery was not classified as emerging, it was considered (ii) developing if the mean catch after 1988 was 25% or greater than in the 1960-1988 period and (iii) established if the mean catch had declined or was less than 25% greater after 1988.
Given the length of the available documents on many established fisheries, we limited our knowledge analysis to a representative sample (n = 6) of two groundfish species (Atlantic cod (Gadus morhua) and haddock (Melanogrammus aeglefinus)), one pelagic species (Atlantic herring (Melanogrammus aeglefinus)), two flatfish species (yellowtail flounder (Limanda ferruginea) and Atlantic halibut (Hippoglossus hippoglossus)), and one predominantly deepwater species (Atlantic redfishes (Sebastes spp.)) ( Table 1) . Among the developing and emerging species, several fisheries were difficult to evaluate. While the Canadian catches for spiny dogfish (Squalus acanthias) resembled our emerging fisheries, there was substantial catch in NAFO Divisions 2-6 by Russia and the United States since the early 1960s (DFO 2007b) . We therefore categorized this species as developing. Catch statistics for sandgaper (Mya arenaria) and silver hake (Merluccius bilinearis) revealed substantial discrepancies between NAFO and DFO statistics and were therefore excluded. Finally, there were a number of emerging fisheries with no published DFO reports so far, including red hake (Urophycis chuss), roundnose grenadier (Coryphaenoides rupestris), Atlantic hagfish (Myxine glutinosa), northern quahog (Mercenaria mercenaria), and sculpins (family Cottidae). These fisheries may form an important part of the overall picture; however, we could not evaluate their knowledge level according to our method. In the end, our sample for the knowledge evaluation included seven developing and eight emerging fisheries (Table 1) .
Knowledge analysis
Based on , we developed a list of 21 population, 12 fisheries, and 7 ecosystem knowledge parameters that would aid in developing a precautionary management plan for emerging low-trophic-level fisheries (Appendix A, Table A1 ). The original table was designed to aid in developing management for an individual fishery . To provide an objective comparison for a set of fisheries, we refined the knowledge factors so that each factor could be designated as absent, present in a qualitative sense, or present in a quantitative sense. If a knowledge factor was deemed irrelevant to a certain fishery, such as size at maturity for rockweed (Appendix A, Table A1), it was removed from the evaluation of that fishery. Four of the factors could only be evaluated as qualitative knowledge and were excluded from the quantitative evaluation (Appendix A, Table A1 ).
To evaluate the knowledge level for each fishery, we searched for the most recent DFO Stock Status Reports (SSR), Canadian Stock Assessment Secretariat (CSAS) Science Advisory Reports (SAR, replaced SSR in 2005) , DFO Habitat Status Reports (HSR), and CSAS Research Documents (Table 1) . We restricted our evaluation of individual knowledge factors to these documents for three reasons: (i) we expected that individuals involved in the management of these fisheries would refer to these documents as their primary source of information; (ii) it allowed a consistent approach in the comparison of all fisheries studied; and (iii) these documents represented the most recent information considered in each fishery's assessment and management. Where available, we used the most recent of each type of document that evaluated the stock (SSR, SAR, HSR, and Research Documents). Where multiple fishing areas were evaluated in the same year (for example, Jonah crab), we included all fishing areas together. Therefore, if a knowledge factor was demonstrated in one of the documents, it was reported present for that species.
For each fishery, we recorded whether qualitative or quantitative knowledge was reported for each knowledge factor. Qualitative knowledge was defined as any qualitative information provided for the knowledge factor in an appropriate context. Quantitative knowledge was defined as a numeric value, range of values, or, in the case of geographically based factors, a map. Except for those knowledge factors in the fishery category, quantitative knowledge factors had to be based on fisheries-independent research, surveys, or models because of the potential bias in data obtained from fisheries catch (for example, size-age structure based only on catch composition). We recorded these instances separately, but treated them as qualitative knowledge in our analyses. If quantitative knowledge was present, we assumed the same for qualitative knowledge. We maintained a separation of qualitative and quantitative knowledge to avoid making an assumption about the relative importance of each.
As a first step to compare the knowledge level across fisheries, we calculated the percentage of reported qualitative and quantitative factors within each knowledge group (population, fishery, and ecosystem) for each fishery. We then calculated the mean percentage and 95% confidence intervals (CI) of reported knowledge within each group of fisheries (established, developing, and emerging).
To assess the similarity among fisheries within and between the groups when the knowledge of each factor was taken into account, we performed Kruskal's nonmetric multidimensional scaling (MDS) (Kruskal and Wish 1978) using the isoMDS function in the MASS library (Venables and Ripley 2002) for the statistics package R (R Development Core Team 2008) on the qualitative and quantitative results using a binary calculated distance matrix.
We used an analysis of odds ratios to compare individual knowledge factors among established, developing, and emerging fisheries. Odds ratios provide a comparison statistic and a measure of confidence when comparing two groups with presence-absence data (Cooper and Hedges 1994) . Further, they can be combined across studies or factors to provide a pooled comparison estimate. We used a MantelHaenszel common odds ratio to draw inference about whether the odds of finding each type of knowledge (population, fishery, ecosystem) were greater or lower in emerging fisheries compared with developing or established fisheries.
Odds ratios are calculated from binary presence-absence data. Given the following cell frequencies for a single knowledge factor: the odds ratio o comparing Group 2 with Group 1 for a given factor i can be written as
The standard error of the log odds ratio for each factor SE(log(o i )) can be calculated
and used to calculate the 95% CI for each factor
In many scenarios, including cases with small sample sizes but many factors, the Mantel-Haenszel technique provides a method of estimating a fixed-effect common odds ratio o MH across factors, given that homogeneity Q (calculation described in Cooper and Hedges (1994) ) among the factors is not rejected (Cooper and Hedges 1994) . The common odds ratio can be calculated as
where i represents each factor, k is the number of factors being compared, and T i is the total number of observations for each factor across both groups (
The calculation of a CI for o MH is described in Cooper and Hedges (1994) . Traditionally, when one of the cells (A, B, C, or D) is zero, 0.5 is added to each of the cells for that factor to prevent an odds ratio of zero or undefined (Cooper and Hedges 1994) . The addition of 0.5 is done assuming that given a large enough sample size, we would not find complete presence or absence of knowledge for any factor across a fishery group (established, developing, and emerging); however, when combining odds ratios into a pooled estimate, this correction is unnecessary and may introduce bias in small sample sizes (Cooper and Hedges 1994; Bradburn et al. 2007 ). For ease of visual interpretation, we have shown the odds ratios for each factor with the 0.5 correction where appropriate, but shown and reported the Mantel-Haenszel common odds ratios using the original data. The results of the common odds ratio analysis should be interpreted with the knowledge that not all factors are independent (e.g., gear type and gear selectivity).
Temporal trends and possible drivers
For many of the emerging and some of the developing fisheries, there were only one or two CSAS documents available, so we could not evaluate a temporal increase in knowledge over time. Instead, we used an evaluation of the number of CSAS documents (SSR, SAR, HSR, or Research Documents) published each year for each species since 1977, when an online database of publications began (www.dfo-mpo.gc.ca/ csas/csas/Publications/Pub_Index_e.htm). Similarly, to assess how general scientific knowledge of these species may have developed over time, we queried the Web of Science database (Thomson Scientific, isiknowledge.com) for each of our species. We limited our search to articles of any language in the ''Science Citation Index Expanded'' database. We searched for each species by scientific name in the topic or title and in which Canada was listed in the address field. Prior to 1970, no publications matched our queries. For both the CSAS documents and Web of Science publications, we calculated a mean number of publications per 5-year span for each fishery group. Standard error bars were calculated assuming a negative binomial distribution of the count data. To approximate the increase in indexed publications in the Web of Science over time, we obtained the total number of publications indexed with Canada in the address field for each year.
Lastly, we evaluated possible explanatory drivers for the difference in knowledge levels observed among fisheries. Therefore, we analyzed whether qualitative and quantitative knowledge level was a function of the longevity of a fishery or the value of the catch. We hypothesized that reported knowledge might be a function of the age of a fishery or that it might be correlated with the fisheries' value, as reported in the year that many of the emerging fishery reports were last written (2000) . We tested these two hypotheses using least squares regression. We calculated the percentage of reported qualitative and quantitative knowledge for each fishery. Longevity data (the year that each fishery began as a directed fishery) were obtained from the CSAS reports used in the knowledge analysis (Table 1) . Atlantic herring and haddock dates were obtained from Perley (1852), sea scallop from Lotze and Milewski (2004) , yellowtail flounder from Stone et al. (2004) , and Atlantic surfclam from the NAFO landings. Fisheries value data for 2000 were extracted from DFO Annual Fisheries Statistics (L. Sonsini, personal communication, 2005) .
Results
On the Scotian Shelf, a strong shift in fishing occurred during 1980-2000 when established groundfisheries experienced strong declines while developing and emerging lowtrophic-level fisheries rapidly increased (Figs. 2a, 3 ). This transition was marked by the decline of the mean fished trophic level that began around 1988 and continued throughout the 1990s and early 2000s (Fig. 2b) . Overall, catches of developing species increased 5-fold over a 30-year period from the 1965-1975 average to 2000, while catches of emerging species increased 10-fold in just 10 years from 1988 to 1998 (Fig. 2a) . Established fisheries declined 2-fold since 1988. Although this gap is shrinking, they still present a 1-to 2-fold higher catch than developing fisheries and a 5-to 10-fold higher catch than emerging fisheries (Fig. 2a) . From 1988 to 2000, the value of the investigated emerging fisheries increased on average 13-fold and that of developing fisheries 2.5-fold, while the value of established fisheries halved (Table 2) ; however, many of the emerging and developing fisheries, except lobster, rockweed, and sea cucumbers, have experienced a decline in landings in recent years (Fig. 3) .
The output of CSAS reports was most consistent for the established fisheries and some developing fisheries, includ-ing lobster, snow crab, shrimp, and scallop (Fig. 3, circles) . The output was less consistent for developing dogfish, periwinkle, and rockweed as well as all emerging fisheries. Five emerging fisheries had no CSAS document at all and were thus not included in our analysis (see Methods). Of the investigated eight emerging fisheries, three have only one published report, and all but two (red crab, rock crab, Jonah crab, Atlantic surfclam, sea urchins, and sea cucumbers) have not had a CSAS document published since 2000 (Fig. 3) .
The level of reported knowledge among the three fisheries groups (established, developing, and emerging) depended on the knowledge factors considered. Quantitative population knowledge was more than two times lower in emerging fisheries compared with established or developing fisheries (Figs. 4a, 4d, 4g) . Five of the eight emerging fisheries demonstrated less than 20% of the possible quantitative population knowledge factors, whereas all the developing and established fisheries had at least this much (Figs. 4a, 4d,  4g ). Fishery knowledge was most consistently reported across the three groups, with the exception of quantitative fisheries knowledge in the Atlantic surfclam and sea cucumber fisheries (Figs. 4b, 4e, 4h) . In contrast, ecosystem knowledge was higher for developing and emerging fisheries than for established fisheries (Figs. 4c, 4f, 4i ). There was never more than one of the investigated ecosystem parameters discussed in the established fisheries documents, and quantitative ecosystem knowledge was never reported (Fig. 4c , Appendix A, Table A1 ). Besides the consistently low ecosystem knowledge of established fisheries, there was the least variability of reported fisheries knowledge in the developing fisheries (Fig. 4e) .
Nonmetric MDS across all knowledge factors presented a better approximation of the similarity of the fisheries groups across quantitative knowledge factors (Fig. 5 , stress = 13.3%) than qualitative factors (S.C. Anderson, unpublished data, stress = 19.1%). For both qualitative and quantitative knowledge, developing fisheries (with the exception of rockweed and periwinkle) were the most closely grouped, indicating similar patterns of knowledge across knowledge factors. Established fisheries were the next most closely grouped, showing considerable overlap with developing fisheries. In contrast, the emerging fisheries were the most scattered. The pattern of reported knowledge of sea cucumber and Atlantic surfclam was the most dissimilar to the other fisheries (Fig. 5) .
The level of knowledge reported for individual knowledge parameters varied considerably across parameters and fisheries groups, as well as between qualitative and quantitative knowledge reported (Appendix A, Table A1 ). Importantly, emerging fisheries had limited knowledge on spatial structure (e.g., metapopulation, degree of aggregation, seasonal migration) and basic quantitative population parameters such as growth, recruitment, and natural mortality rates as well as current biomass levels and geographic range; however, knowledge on virgin biomass level was higher in emerging (reported in two fisheries) than in developing or established fisheries (Appendix A, Table A1 ).
In our odds ratio meta-analysis, homogeneity across the knowledge parameters was not rejected within each of the comparisons allowing for the evaluation of a common odds ratio (Table 3 ). The odds of finding population knowledge were significantly greater in the developing and established fisheries than the emerging fisheries. The odds were approximately six times greater for quantitative factors and seven times greater for qualitative factors that we would find population knowledge in developing fisheries over emerging fisheries (Fig. 6a, Table 3 ). In the established-emerging fisheries comparison, the odds were approximately four times greater for finding quantitative or qualitative population knowledge in the reports (Fig. 6b, Table 3 ). Within the population parameters, the odds of finding quantitative knowledge on growth rate, fecundity at size, and lifespan were significantly higher in the developing fisheries than in emerging fisheries (Fig. 6a) . The odds of finding quantitative knowledge on geographic range and growth rate were significantly greater in established fisheries than in emerging fisheries (Fig. 6b) . Although not significant at P = 0.05, our results suggest that the odds of finding knowledge of current biomass may be greater in developing and established fisheries compared with emerging fisheries (Fig. 6a, 6b) .
The overall odds of finding fishery knowledge parameters reported in the emerging fisheries were not significantly different from the developing or established fisheries, although they were nearly so where comparing quantitative knowl- edge of emerging and developing fisheries (Figs. 6c, 6d , Table 3). Further, there may be greater odds of having maps of specific fishery locations (by catch or effort) in developing compared with emerging fisheries.
Ecosystem knowledge, especially quantitative knowledge, was the least known for all fisheries groups but higher for developing and emerging fisheries than for established fisheries ( Fig. 4 ; Appendix A Table A1 ). The odds of finding ecosystem parameters reported in emerging fisheries were not significantly different from developing fisheries (Fig. 6e) , but the odds of finding qualitative ecosystem parameters in the emerging fisheries were significantly greater than in the established fisheries (Fig. 6f) .
Our analysis of the temporal trends in available knowledge revealed that there were large increases in the publication rate for developing and established fisheries in CSAS documents since the 1980s and in Web of Science documents since the 1970s (Fig. 7) . In contrast, there was only a small increase in CSAS and Web of Science publications for emerging fisheries. In the period from 2000 to 2004, the average number of CSAS documents published per fishery was about five times greater for developing and seven times greater for established fisheries compared with emerging fisheries (Fig. 7a ). These differences in publication rates among the three fisheries groups were similar in the Web of Science with an average of about four times more publications for developing fisheries and 10 times more publications for established fisheries compared with emerging fisheries (Fig. 7b) . In comparison with the total number of Canadian publications in the Web of Science, which linearly increased over time, the publications on developing and established fisheries strongly increased in the 1990s (Fig. 7b) .
Fisheries that began approximately 30-100 years ago and high-value fisheries generally had the most reported knowledge (Fig. 8) . A quadratic regression relating overall quantitative knowledge to the log of fishery age (Fig. 8a) and a linear regression relating quantitative knowledge to the log of fishery value (Fig. 8b) were significant. Reported qualitative knowledge was weakly related to the log of fishery age (quadratic regression, r = 0.39, P = 0.233) and fishery value in 2000 (linear regression, r = 0.43, P = 0.053).
Discussion
We evaluated whether emerging low-trophic-level fisheries on the Scotian Shelf had similar levels of knowledge reported for population, fishery, and ecosystem parameters compared with developing and established fisheries. Based on the most recently published government stock assessments and research documents for each species, we found that emerging fisheries had significantly lower levels of population knowledge reported than developing and established fisheries, but higher levels of ecosystem knowledge than established fisheries. The lack of important quantitative population parameters, such as biomass, growth rates, and geographic range, may hinder any thorough population assessment and impair a precautionary approach to management . The slightly higher ecosystem knowledge, on the other hand, may indicate that we have started to incorporate information on the ecological role of target species and the ecosystem effects of the fishery into management. Overall, however, emerging fisheries appear to have been developed more rapidly in terms of catches and value than knowledge has been acquired. Management based on the limited existing and only slowly increasing knowledge may be inadequate to ensure the long-term sustainability of emerging fisheries, which are of high ecological and increasing socio-economic importance in Atlantic Canada and elsewhere.
Status of emerging fisheries
Over the past two decades, a rapid expansion of lowtrophic-level fisheries occurred in Atlantic Canada following the depletion and collapse of major groundfisheries (Lotze and Milewski 2004; Frank et al. 2005 ). On the Scotian Shelf, landings of several already existing invertebrate and plant fisheries, such as shrimp, lobster, and rockweed, increased greatly during the 1980s and 1990s. Simultaneously, a set of mainly invertebrate fisheries, such as rock crab, surfclams, sea urchins, and sea cucumbers, emerged that were previously not commercially targeted. In recent years, however, many emerging and developing fisheries experienced declining landings. The reasons for this may be manifold. Some catch trends may be declining because of lack of a market, some may be due to more restrictive quotas (e.g., DFO 2007j), while others may be due to de- clines in catch per unit effort possibly indicating changes in abundance (e.g., DFO 2000g). The lack of recent stock assessments for many species makes such a distinction difficult. Such rapid increases and declines are not unusual for low-trophic-level fisheries, as can be seen, for example, in sea urchin and sea cucumber fisheries around the globe (Conand 2004; Berkes et al. 2006) . The expansion of fisheries to lower trophic levels in the food chain was reflected by a strong decline in average trophic level of the catch since the groundfish depletion, suggesting the ''fishing down the food web'' phenomenon described by Pauly et al. (1998 Pauly et al. ( , 2001 ). This expansion may have several underlying drivers. (i) The collapse of the groundfishery created pressure to search for other socio-economic opportunities to earn an income and find employment (Roy 1996) . (ii) Global markets for a number of invertebrate species were developed. For example, Berkes et al. (2006) have suggested the development of sea urchin fisheries worldwide may be driven by patterns of ''roving banditry'' in which the sequential decline of other sea urchin fisheries coupled with Asian demand and globalized trade may drive the development of new fisheries. (iii) Only those species that occur in sufficient abundance can be regarded as viable fisheries options. The depletion of higher trophic-level predators such as Atlantic cod has likely released many prey species from strong predation pressure (Worm and Myers 2003; Frank et al. 2005) , indirectly enhancing their abundance. Increasing low-trophic-level landings in Atlantic Canada were accompanied by a strong increase in the value of developing and emerging species.
Many of the emerging fisheries had exceeded $1 000 000Áyear -1 by 2000. For example, the sea urchin fishery increased 166-fold in value from 1988 to 2000, exceeding $5 000 000Áyear -1 , but experienced declining catches in recent years. Similarly, one of the newest emerging fisheries on the Scotian Shelf, sea cucumber, increased in value from zero in 1997 to nearly $400 000Áyear -1 in 2005 (L. Sonsini, personal communication, 2005) a period in which catches increased from zero to 1800 tÁyear -1 . On the Canadian west coast, the sea cucumber fishery experienced a similarly rapid increase in landings and value over a span of 5-7 years before catch per unit effort declined substantially and restrictive management allowed the stock to recover (DFO 2002) . Experience elsewhere with both sea urchin and sea cucumber fisheries suggests the potential for rapid boom-and-bust patterns in low-trophic-level fisheries (Andrew et al. 2002; Conand 2004; Berkes et al. 2006 ).
Knowledge base
There were clear differences in knowledge levels reported for emerging, developing, and established fisheries. Importantly, five emerging fisheries on the Scotian Shelf had no CSAS documents published at all as of 2008 and could thus not be evaluated in our analysis. Six of the remaining eight had not been evaluated since at least 2000. We included established fisheries as a reference of what a realistic target level of knowledge might be. Admittedly, catches for these fisheries have declined in recent decades, and several have closed because of overfishing, which suggests that having 
The assumption of homogeneity of the effect sizes was not violated in any of the comparisons (P Q statistically nonsignificant).
{ The Mantel-Haenszel common odds ratio o MH tests how much more likely we are to find knowledge in the second group. A value of 1 indicates that the odds are equal.
{ The Z statistic tests whether o MH is significantly different from 1. § Established fishery quantitative knowledge was not reported, making a common odds ratio using our methodology undefined. knowledge does not necessarily ensure sustainability. Still, having knowledge is likely a prerequisite for developing a sustainable fishery.
The largest gap between emerging and more established fisheries was in population knowledge. In many emerging fisheries, some of the most basic quantitative population parameters such as growth rates, current biomass, and geographic range were lacking, which may impair proper population assessment. While obtaining fisheries-independent data on population parameters is cost-and labour-intensive, these data are vital to proper population assessment and fisheries management (Hilborn and Walters 1992; Chen et al. 2003) . With a stronger population knowledge base comes lower uncertainty in stock assessment (Chen et al. 2003) and an increased likelihood that long-term ecologically and socially beneficial decisions can stand up against short-term political and financial pressures.
Three factors may have contributed to an underestimation of the population knowledge gap for some emerging and developing fisheries. (i) Five emerging fisheries could not be evaluated because a CSAS report had not yet been published. (ii) Many invertebrate species exhibit a greater diversity of life-history characteristics than finfish and may require a wider range of population parameters to be known for proper management (Caddy 2004) . (iii) The amount of general scientific knowledge, especially for emerging but also for developing fisheries, is much reduced compared with established fisheries, and thus less general knowledge is available to be incorporated into government stock assessments.
An essential reference point that was not reported for almost every species, virgin biomass, was known for some emerging fisheries. With these fisheries, we have the possibility of collecting data from the beginning of the fishery; however, these ''virgin biomass'' levels may not be natural but the result of predator or competitor release in severely altered ecosystems (Worm and Myers 2003; Frank et al. 2006; Myers et al. 2007 ). For more established fisheries, virgin biomass levels could be estimated using analyses of carrying capacity or historical data, but this has been attempted for only a few species (Myers et al. 2001; Lotze and Milewski 2004; Rosenberg et al. 2005) .
Overall, fishery-related knowledge levels were similar across the types of fisheries. The availability of fisheriesdependent data is not surprising, since the fisheries directly acquire them and they are a focus of fisheries stock assessments; however, we were surprised to find that in some emerging fisheries, the most basic quantitative information on landings, effort, and fishing location were not known. Also, many of the assessment and research reports did not include knowledge from similar fisheries in other regions in the world, such as the population response to fishing. Such knowledge could be of particular use to emerging fisheries, such as the sea urchin and sea cucumber fisheries, for which valuable experience exists elsewhere. It was also our observation that landings and particularly effort data for individual fisheries and management areas are currently widely spread among DFO divisions, often split into short time series, and difficult to access and compile. As suggested earlier by Pauly et al. (2001) , a consistent, long-term, and easily accessible series of Canadian landings and effort data would greatly aid in the analysis and management of fisheries resources.
Ecosystem knowledge was variable across fisheries but lowest in established fisheries. Management of some emerging and developing fisheries has made extensive use of ecosystem factors, while many other fisheries appear to be managed using a more traditional single-species model. For example, in the Nova Scotian sea urchin fishery, harvesters must demonstrate the maintenance or enhancement of habitat carrying capacity in exchange for exclusive access to fishing zones (DFO 2000f) . The southwestern New Brunswick sea urchin fishery, in contrast, has used a more traditional total allowable catch (TAC) management strategy despite lacking sufficient fishing effort and population data (DFO 2000g) .
Since 1996, under the Oceans Act (Department of Justice 1996), DFO has been given a mandate to gather information relating to the habitats and ecosystems that support all fisheries and base its management on this knowledge. The low levels of reported ecosystem knowledge may indicate that the Oceans Act has not been implemented in most fisheries. For example, the collapse and lack of recovery of Atlantic cod on the Scotian Shelf may be attributed to not only overfishing but also changes to the ecosystem structure as a consequence of high exploitation rates (Frank et al. 2006 (Frank et al. , 2007 . In the case of lower trophic-level species, exploitation of forage fish, invertebrates, and plants affects the availability of prey, vital three-dimensional habitat, and water quality to the entire species community (Dayton et al. 2002; Lotze et al. 2006) . Thus, ecosystem knowledge on these species is important for their fisheries and overall ecosystem management. To ensure ecosystem conservation while maintaining sustainable fisheries, ecosystem knowledge factors should be acquired and incorporated into an ecosystem-based management (EBM) approach (Pikitch et al. 2004) .
Based on our results, we argue that a balanced knowledge base that includes basic population, fisheries, and ecosystem knowledge factors may be the best initial strategy to account for uncertainties as the fishery develops; however, not all knowledge factors may be equally important in developing sustainable management strategies. recommended an iterative process between knowledge requirements and proposed management approaches, such that not all types of knowledge would be required depending on the approaches selected. Also, a weighting scheme could be developed to account for the relative importance among individual knowledge factors. We did not incorporate these approaches into our analysis because both are likely to differ among the various species and management approaches, making it difficult to compare across fisheries.
Among the fisheries we evaluated, the increasing number of government and general scientific publications over the past two decades on developing and established fishery species may reflect an increase in knowledge over time. Publications on emerging fishery species, however, remained at low levels despite their rapid expansion. This led us to question whether fishing of emerging species may develop faster than knowledge is or can be acquired. For many established fisheries, resource inaccessibility, effort limitations (seasons, gear, vessels) and export restrictions slowed their development while scientific knowledge and management expertise developed over centuries (Lotze 2004) . Technological progress and globalization has released emerging fisheries from these constraints, and market demand as well as globalized trade can spur rapid increases in exploitation (Berkes et al. 2006) . Recent examples of rapidly increased and sequentially depleted emerging fisheries around the globe (Andrew et al. 2002; Uthicke and Conand 2005; Berkes et al. 2006) may indicate the great pressure on emerging fisheries and the lack of knowledge for proper management.
In our analyses, fisheries that began 30-100 years ago had a stronger knowledge base than more recent fisheries, which could be partly attributed to their greater value, but also to the timing of their development: before the collapse of the groundfisheries. Thus, there may have been a head start in gathering data before the pressure to enhance exploitation increased. In contrast, emerging fisheries were developed after the groundfishery collapse with strong pressure to expand quickly and little time to gather information; however, some of these emerging fisheries are now 10-15 years old and still lack adequate population knowledge. The lower knowledge reported in older fisheries (>100 years) could be partly attributed to the lower ecosystem knowledge reported in these fisheries.
We also found the overall knowledge level to be correlated to the total value of the fishery. Thus, only fisheries that reach a certain economic importance may be adequately evaluated and monitored by management agencies. This means that we miss out on collecting important baseline information on populations and the ecosystem before exploratory fisheries are expanded to higher levels of commercial fishing. Collecting baseline population information before large-scale harvesting is allowed is critical for a number of reasons. First, when funding and commitment to such management directives are not allocated from the beginning, momentum is difficult to regain later once fishing has been established (Guenette et al. 1998) . Second, if populations are substantially altered before sufficient population knowledge can be gained, we will have lost vital information about their natural state and contributed to a shifting baseline syndrome (Pauly 1995) .
Potential solutions
It is likely unreasonable to argue that all basic population and ecosystem knowledge should be acquired before a fishery is opened; however, to successfully manage developing and emerging fisheries, especially for species with minimal existing knowledge, a certain level of research may be necessary before the fishery begins. developed a framework for acquiring the necessary population, fishery, and ecosystem knowledge based on three phases (outlined in Introduction). If followed, this framework could ensure that basic knowledge parameters are acquired before and throughout the development of a new fishery.
Establishing refuges at the beginning of a fishery during Phase 0 would provide information on an unfished proportion of the population that could be monitored over time, establishing important reference points of unfished parts of populations and ecosystems. None of the investigated emerging fisheries have incorporated designated marine reserves into management in which no fishing of any kind is permitted. Given our results, the relative immobility of several invertebrate and plant species, the necessity to collect information on unfished populations, and the costs and time required to gather that information, we suggest that fishing reserves would work well as part of a management strategy for emerging fisheries.
Another integral component of developing sustainable fisheries could be EBM (Pauly et al. 2002) , particularly when combined with an overall management plan that incorporates quotas, effort restrictions, and gear control (Stefansson and Rosenberg 2005) . Such an approach would likely incorporate the following into management: trophic interactions, evaluations of the impact of various gears on habitat, and marine reserves of suitable location and substantial size (Pauly et al. 2002) . Of the emerging fisheries investigated, only the Nova Scotian sea urchin fishery has trophic interactions explicitly incorporated into management. Given the destructive impacts of bottom trawl fishing gear on marine habitat and biodiversity (e.g., Messieh et al. 1991; Hiddink et al. 2006; Tillin et al. 2006) , the use of such gear in parts of the New Brunswick sea urchin fishery and the Scotian Shelf sea cucumber fishery is incongruent with EBM and the recognized importance of seafloor habitats (Department of Justice 1996).
The present study draws attention to the lack of population knowledge in emerging fisheries and the lack of ecosystem knowledge in established fisheries in Atlantic Canada. We suggest that monitoring of population and ecosystem parameters for existing emerging and established fisheries, respectively, should gain highest priority, followed by insurance measures such as area closures, precautionary quotas, effort controls, and gear restrictions where appropriate (Stefansson and Rosenberg 2005) . Given their ecological roles, socio-economic value, and recent patterns of expansion and depletion elsewhere, the identified knowledge gaps may represent a risk to the sustainable development of marine resources. Disruption of the habitat  -----------1  2  -1  1  2  2  -1  -Recovery times of habitat  ------------2  ---2  2  ---Strength of ecosystem interaction  --------1  1  -1  1  ------ --------2  ---------1  1  1  Habitat provision or interaction  -----------1  1  ------1  -Role in nutrient filtration storage  -----------1  ------1  -1 Note: Cod, Atlantic cod; had, haddock; hal, Atlantic halibut; rdf, Atlantic redfishes; fl, yellowtail flounder; her, Atlantic herring; dg, spiny dogfish; lob, American lobster; snc, snowcrab; shp, northern shrimp; sca, American sea scallop; per, periwinkle; rcw, rockweed; rec, red crab; roc, Atlantic rock crab; jc, Jonah crab; oq, ocean quahog; arc, Arctic surfclam; atc, Atlantic surfclam; su, sea urchin; sc, sea cucumber; NR, not relevant to that fishery.
Ecosystem parameters
*Knowledge parameters modified from .
{
Quantitative population knowledge was not fisheries-independent, or fisheries knowledge was inferred from sources outside the fishery (bycatch rate estimated from research trawls). These instances were treated as qualitative knowledge in our analyses.
These parameters were only evaluated for qualitative knowledge.
